Simulations are presented of 94-GHz and 9-GHz EPR spectra from phospholipid probes spin-labeled at the C4 to C14 positions of the sn-2 chain in liquid-ordered membranes of dimyristoyl phosphatidylcholine that contain 40 mol % cholesterol. Spectra at 94 GHz can be simulated adequately by motional narrowing theory. The latter accounts better for averaging of the g xx /g yy canonical features, with a restricted rotation about the z axis, than do slow-motional descriptions (Brownian and strong-jump) of unrestricted φ rotation. Polaritycorrected g tensors are required for the high-field simulations. These are obtained from measurements at low temperature (-100°C) by comparing the polarity profile with spin-label position, n, that is based on g 0 (i.e., the trace of the g tensor) with that established from simulations of experimental spectra at the measurement temperature of +30°C. Model simulations for Brownian rotational diffusion indicate that the A zz element of the 14 N hyperfine splitting of the 94-GHz spectra is relatively insensitive to slow off-axial diffusion. This result is used to derive spin Hamiltonian tensors that are partially averaged by the fast motional component, from the high-field spectra. These are then used in the stochastic Liouville equation to obtain anisotropic parameters of the slow motional component that is evident in the experimental 9-GHz spectra. The rapid diffusional component is attributed to segmental motion of the lipid chains, and the slow diffusional component to angular fluctuations of the chain axis. The latter are not constant throughout the length of the chain, but increase in intensity towards the terminal methyl region.
I. Introduction
The applications of high-field EPR spectroscopy to the study of nitroxyl spin labels in biological systems are growing rapidly (for reviews see refs [1] [2] [3] . Spectral simulations form an integral part of this development (see, e.g., ref 4) . Biological membranes, which are intrinsically anisotropic but dynamic structures, constitute a particularly fruitful area for spin-label EPR at high field. Previously, we found that 94-GHz EPR spectra of spinlabeled lipids in cholesterol-containing membranes are better simulated by a rapid motional model in which φ rotation around the lipid chain axis is restricted than by a slow-motional strongjump formalism with unrestricted φ rotation. 5 Recently, by using a multifrequency approach, Lou et al. 6 showed that high-field spectra (at 250 GHz) are sensitive only to rapid local motions for a spin-label close to the terminal methyl group of the lipid chains. Low-field, 9-GHz EPR spectra of the same spin label were found to be sensitive additionally to slow overall rotational diffusion of the lipid chain segments.
Here we develop our simulation studies at 94 GHz with a much larger dataset embraced by a systematic study of the dependence on labeling position, n, of the lipid chain, in cholesterol-containing membranes. 7, 8 We extend our previous work by including simulations for Brownian diffusion (as opposed to strong-jump) and compare the 94-GHz spectra with corresponding ones obtained with an EPR frequency of 9 GHz, at low field. Essential aspects of the analysis are allowance for the polarity dependence of the nitroxide g tensor at the measurement temperature of 30°C and investigation of possible residual effects that overall slow-motional components may have on the 94-GHz spectra (as opposed to higher-frequency spectra, e.g., at 250 GHz).
II. Methods
A. Simulations. Rapid Motion. Simulations using motional narrowing theory employ the model of Israelachvili et al., 9 as depicted in Figure 1 . In the Redfield limit, the spectra are independent of the mechanism for rotational diffusion (e.g., strong-jump, Brownian, etc.). The spin-label z axis (z A , directed along the nitrogen 2pπ orbital of the nitroxide) is parallel to the principal molecular axis of the spin-labeled segment for the 1-acyl-2-[n-(4,4-dimethyl-oxazolidine-N-oxy)]stearoyl-sn-glycero-3-phosphocholine (n-PCSL) spin-labeled probes considered here (see e.g., ref 10) . This latter axis performs limited angular fluctuations of amplitude θ A about the director (i.e., the membrane normal, N). This off-axis motion is characterized by an order parameter 〈P 2 (cos θ A )〉 ) 1 / 2 (3〈cos 2 θ A 〉 -1), where angular brackets indicate an average over the θ A distribution, and by the rotation correlation time, τ R⊥ (A) . The spin label also performs limited random angular oscillations about its z axis, that are independent of the orientation of the z axis itself. This azimuthal φ oscillation is characterized by the pseudo-order parameter 〈cos 2(φ -φ h)〉, where φ h is the mean φ-orientation and angular brackets indicate an average over the φ distribution, and by the rotational correlation time, τ R| (A) . This φ angle is defined by the nitroxide x axis (x A , directed along the N-O bond), which has an azimuthal orientation φ N in the director axis system, when θ A ) 0 (see Figure 1 ).
In the high-field approximation, the motionally averaged nitroxide spin Hamiltonian is given by [7] [8] [9] which describes the dependence of the motionally averaged resonances on the orientation (θ N ,φ N ) of the magnetic field, H, relative to the director, N (see Figure 1) . The spin-Hamiltonian g tensor is defined by and Similar relations hold for the 14 N hyperfine tensor, A. For simplicity, it is assumed that δ A ) 0 in eq 1, appropriate to a purely dipolar 14 N-hyperfine anisotropy. For the purpose of simulation, this simplifying restriction is dropped, as, where appropriate, is the high-field approximation.
The resonance field position of hyperfine manifold m I is given from eq 1 by where γ e is the electron gyromagnetic ratio, ω 0 is the Larmor frequency corresponding to the isotropic g value, g 0 , and m I is the 14 N nuclear magnetic quantum number (m I ) 0, (1). The effective angular-dependent g value, g(θ N ,φ N ), and hyperfine splitting constant, A(θ N ), are given respectively by the first and second terms in curly brackets on the right of eq 1.
From eqs 1 and 5, it follows that resonance positions in the motionally averaged spectrum are characterized by g-and A-tensor anisotropies that are given by and Note that the isotropic values g o and a o are independent of the motional state, and vary only with the polarity of the local environment (see e.g., ref 3).
Thus, for rapid motion, the hyperfine anisotropy depends only on the conventional order parameter 〈P 2 (cos θ A )〉 (insofar as δA ≈ 0). The g xx -g yy anisotropy depends additionally on 〈cos θ A 〉 and 〈cos 2(φ -φ h)〉, as seen from eq 7. Therefore, to obtain the "order parameter" 〈cos 2(φ -φ h)〉 associated with the azimuthal rotation, a value is required for 〈cosθ A 〉. This can be obtained if the orientation pseudopotential U(θ A ) governing the off-axis motion is known.
The simplest model for motion of the nitroxide z A axis is a restricted random walk within a cone of half-angle, (see Figure  1 ). Each orientation is weighted by sin θ A and the z axis order parameter is given by whence may be obtained from eq 8 by using the experimental value of 〈∆A〉. Then the angular average required to interpret the g-value anisotropy is given in this model by A corresponding model for the azimuthal x A -axis ordering is completely random φ-angle fluctuations of maximum amplitude (φ 0 about the mean value, φ h, then
In this simplified approach, the restricted angular motion is characterized completely by the independent maximum amplitudes, of the z-axis tilt and φ 0 of the rotation or twist of the x axis about the z axis (see Figure 1) .
Simulation with the rapid motional model requires not only the resonance positions but also the resonance line widths. The latter are given by the angular-dependent contribution to the transverse relaxation time, T 2,mI (θ N ,φ N ), which from timedependent perturbation theory is Figure 1 . Relations between the instantaneous spin label z axis (zA), director axis (i.e., membrane normal, N), and the laboratory magnetic field direction, H. The nitroxide z axis is assumed to coincide with the molecular long axis that has uniaxial ordering, relative to the director, N. z A and H are inclined at θA and θN, respectively, to N, and zA is inclined at θ, with azimuth φA in the director system, to H. The maximum amplitude of θA is . x jA is the direction of the mean nitroxide x axis which performs φ rotations about zA, with mean value φ h about which the maximum amplitude is φ -φ h ) φ0. φN is the azimuthal orientation of the x jA axis for θA ) 0, in the director system. where the spin Hamiltonian, H(Ω), depends on the Euler angles, Ω, characterizing the orientation of the principal axes of the magnetic A and g tensors, relative to the constant magnetic field. Γ(Ω) is a Markov operator for the rotational motion, which includes both internal and overall reorientations of the spinlabeled molecule. In systems such as membranes with molecular order, the Euler angles Ω relate the magnetic axes to the membrane director N (see Figure 1) . The spin Hamiltonian, but not Γ(Ω), is then dependent on an additional set of Euler angles Ψ, which specify the orientation of the director to the static magnetic field. With the definitions from Figure 1 , the orientation of the magnetic axes is given by Ω ≡ (φ, θ A , φ A ). For anisotropic Brownian rotational diffusion in an orientational potential, U(Ω), the symmetrized diffusion operator Γ(Ω) is given by 11, 12 where L is the operator which generates an infinitesimal rotation (formally equivalent to the dimensionless angular momentum operator) and D R is the rotational diffusion tensor.
In general, the orientational pseudopotential can be expanded in terms of Wigner rotation matrices, D K,M L (Ω). For uniaxial systems, the terms up to second order are 11 where the i represent the strength of the orienting potential. The first, and leading, term in eq 15 corresponds to the usual Maier-Saupe pseudopotential. In this formalism, the principal order parameter is given by where averaging is performed over all angular orientations, Ω. Only the 0 term in eq 15 contributes to this element of the order tensor. Note that, because eq 14 is uniaxial, the higher order terms in the orienting potential cannot give rise to g xxg yy anisotropy. They are responsible for asymmetry in the ordering tensor, i.e., S xx * S yy for ordering of the x-and y-diffusion axes relative to the unique director. (It was confirmed by simulation that increasing 2 from 0 to 8-10, in both positive and negative directions, did not affect the x-y averaging that is achieved for diffusion tensor values D R| g 10 8 s -1 .)
For the oxazolidine phospholipid spin labels used here, the z A axis (see Figure 1 ) coincides with the symmetry axis of the molecular diffusion tensor. Thus, the above model accounts for unrestricted rotation of a spin label around its z axis in the molecular frame and off-axial diffusion of this axis in an orienting potential in the director frame. Simulations according to this model are implemented with software by Freed and associates that is available from the Cornell EPR Centre. 13, 14 For nonaligned samples, simulated spectra are weighted by sin θ N and integrated over the θ N angle.
Composite Motions on Different Time Scales. Studies on a spin-labeled lipid (16-PCSL) in membranes of dipalmitoyl phosphatidylcholine, with and without 50 mol % cholesterol, have revealed that the high-field spectra at 250 GHz are sensitive only to the rapid motions. 6 The low-field spectra at 9 GHz, however, are additionally sensitive to a slow-motional component arising from overall lipid chain motion. Earlier studies at 9 GHz employing motional models that specifically distinguish between segmental and overall chain motion also revealed that the former is much more rapid than the latter. 15, 16 Simulation of spectra from spin labels undergoing slow motion, in addition to a rapid motional component, can be achieved by using the stochastic Liouville equation with a spin Hamiltonian 〈H(Ω)〉 (see eq 1) that contains the g and A tensors that are partially averaged by the rapid motion. 16 This approach is used here to simulate 9 GHz spectra by using motionally averaged g and A tensors obtained from the 94 GHz spectra. Simulations are again implemented by using the software described by Schneider and Freed 13 with extensions by Budil et al. 14 B. 9-GHz Spectroscopy. Low-field spectra were obtained on a Bruker EMX 9-GHz spectrometer operating with a rectangular cavity in the conventional continuous-wave mode. Fully hydrated samples were pelleted in 1-mm-diameter glass capillaries that were then accommodated in a 4-mm-diameter quartz EPR tube, which contained light silicone oil for thermal stability. Sample tubes were thermostated in a double-wall quartz dewar by a nitrogen gas-flow system. Sample temperature was measured with a fine-wire thermocouple in the silicone oil at the top of the cavity.
Otherwise, all details of the sample and sample preparation were as described previously for 94 GHz measurements. 7 C. Spectral Fitting. Fitting simulated spectra to the experimental high-field spectra was performed in two stages. The first criterion for fitting was coincidence of the resonance positions for all turning points of the simulated and experimental spectrum. Then the line widths were fitted, and after that, the resonance positions were again refined. These procedures were performed manually. It was found that least-squares optimization with respect to the first-derivative spectra sometimes resulted in unsatisfactory fits of the outer resonance positions, because of bias towards the larger central peaks.
For the lower frequency spectra, simulations with the software of ref 14 were repeated until coincidence of the resonance positions in the simulated and experimental spectra was achieved. Because of problems with local minima, simulations were checked by starting from different sets of input parameters.
Approximate uncertainties in fitted parameters from 9 GHz simulations are 1.5-2% for both S zz over and D R⊥ over .
III. Results
Model simulations of high-field (i.e., 94 GHz) spin-label spectra have been presented previously for rapid motion, as have those for strong-jump diffusion. 5 Here, in the first two sections, we present a theoretical simulation study of 94-GHz spin-label spectra using the Brownian diffusion model. This is followed by analysis of experimental spectra from lipid membranes in which the nitroxide is at different segmental positions in the sn-2 acyl chain of a spin-labeled phospholipid. Part of the thrust of the analysis in the latter case is a multifrequency approach in which 94-GHz spectra are used to obtain details of rapid segmental motions, and 9-GHz spectra are used subsequently to obtain details of the slow, long-axis motion (cf. ref 6) . Simulation of the experimental spectra must take into account the polarity dependence of the nitroxide g tensor. This is done by comparing polarity profiles with spin-label position, n, that are obtained from determinations of g 0 (i.e., the trace of the g tensor) at low temperature and at the actual measurement temperature.
A. High-Field Simulations for Anisotropic Brownian Rotation about Different Axes. Simulations of high-field spectra for spin labels undergoing Brownian (i.e., small-step) rotational diffusion are obtained from solution of the stochastic Liouville equation incorporating an orientational potential. Unlike in the rapid motional model, 5 complete axial (i.e., azimuthal) rotation is assumed. Here we concentrate on slow rotational diffusion, such that the x-y anisotropy is not completely averaged, and on rotation about different axes (| and ⊥ to z A ). Figure 2 (left-hand panel) gives 94-GHz spectra simulated for unrestricted rotation solely about the nitroxide z axis. Spectra are given for increasing rotational diffusion coefficient, D R,z . As expected, the z region of the spectrum is totally insensitive to the uniaxial diffusion. In the x-y region of the spectrum, however, motional narrowing is observed at the higher rotational rates. As found previously for simulations with the strong jump model, 5 comparison of the spectra shown for axial Brownian diffusion in the left-hand panel of Figure 2 with those for nonaxial motional narrowing given in Livshits and Marsh 5 indicates that the two different mechanisms of x-y averaging can be distinguished by the greater spectral broadening produced by increase in rotational rate than by increase in rotational amplitude. Figure 2 (center panel) gives 94 GHz-spectra simulated for off-axis rotation of the nitroxide z axis in an orienting potential (S zz ) 0.49), as a function of the rotational diffusion coefficient, D R⊥ . This represents approximately the lowest order parameter for which the high-field (i.e., A zz ) hyperfine peaks can be resolved up to realistically high rotational diffusion coefficients (D R⊥ ∼ 10 8 s -1 ). For D R⊥ < 4 × 10 7 s -1 , the principal change is seen in the z region of the spectrum, on the high-field side. This consists of an increase in line width, accompanied by a downward shift in line position (see Figure 3 , upper panel). These spectral features are characteristic of rotation in the slow motional regime (see e.g., ref 18). In the x and y regions of the spectrum, towards low field, the spectral changes for D R⊥ < 4 × 10 7 s -1 are less than in the z region. Only for D R⊥ > 4 × 10 7 s -1 do the x and y spectral peaks broaden and the x region move towards the y position, displaying incipient (x-y) motional narrowing. This indicates that the x,y region of the spectrum lies deeper in the slow motional regime than does the z region (cf. ref 18) . This point will be returned to later, when simulating the experimental 94-GHz spectra from spin-labeled lipids. Figure 2 (right-hand panel) gives 94-GHz spectra simulated for rotation solely about the (perpendicular) nitroxide y axis. Spectra are given for increasing off-axial rotational diffusion coefficient, D R,y . With increasing rotational rate, the high-field z region of the spectrum not only broadens but also moves as a whole to lower field. This again is characteristic of rotation in the slow motional regime. A remarkable feature, however, is that the motionally averaged hyperfine splitting, 〈A zz 〉, changes relatively little during this progression. The lower panel of Figure 3 shows that the hyperfine splitting decreases by only δ〈A zz 〉 ) 0.04 mT, whereas the absolute spectral shift of the centroid (i.e., m I ) 0 manifold) shifts by H 0 δ〈g zz 〉/〈g zz 〉 ) 0.4 mT. A similar distinction is found also for z-axis fluctuation, in the upper panel of Figure 3 . Therefore, although overall the 94-GHz spectra express some sensitivity to slow motion, the 〈A zz 〉 hyperfine splitting is sensitive only to fast motions. This simulation result forms an important basis for interpretation of the spectra at 94 GHz.
A further interesting feature that emerges from the slowmotion spectra shown in the right-hand panel of Figure 2 is the invariance of the trace of the effective g tensor that is determined from the positions of the canonical x, y, and z turning points. Over the whole range of D R,y , the x and z turning points can be discerned and the effective values of g xx , g yy , and g zz can be obtained by simulating the line shapes as pseudo-powder patterns. The shifts in the x-and z-turning points increase by up to 1.12 mT and 0.95 mT, respectively, on increasing D R,y from 7.9 × 10 6 to 1 × 10 8 s -1 , which correspond to changes in effective g xx by 6.75 × 10 -4 and in effective g zz by 5.75 × 10 -4 . Nevertheless, the maximum change in the isotropic trace, g 0 , is only about 1.5 × 10 -5 . Thus, this parameter, viz., g 0 ) 1 / 3 (〈g xx 〉 + 〈g yy 〉 + 〈g zz 〉), can be used for estimating the polarity from 94-GHz spectra in the presence of molecular motion. For spin labels undergoing composite motion, the slow-motional component does not disturb determination of the true g 0 that is based on motional narrowing theory. This point will be returned to later for making corrections to the rigid-limit g tensor determined at low temperature, to allow for the difference in environmental polarity of the spin labels at the actual temperature of measurement.
B. Rigid-Limit Spin Hamiltonian Tensors and Polarity Dependence. Spin Hamiltonian tensors for the n-PCSL spin labels in membranes of dimyristoyl phosphatidylcholine + 40 mol % cholesterol were obtained by simulating the powderpattern line shapes of rigid-limit 94-GHz spectra obtained at -100°C. Spectral data are from Kurad et al. 17 Figure 4 gives the dependence of the g-tensor elements on spin-label position, n, at -100°C. The g xx element displays a sigmoidal dependence on n that represents the profile of local environmental polarity across the membrane thickness (see e.g. ref 3 ). The g yy and g zz elements change very little. For positions n ) 4 and 5, the values of g xx are smaller than the partially motionally averaged values of 〈g xx 〉 obtained at the higher measurement temperature of +30°C. This difference is diagnostic of a higher polarity for 4-PCSL and 5-PCSL in liquidordered membranes at +30°C than in frozen membranes at -100°C. Motional effects at +30°C can only tend to decrease 〈g xx 〉, as the x-turning point moves to higher field towards the canonical y (and z) positions. This finding therefore shows that it is essential to correct the tensor values obtained at -100°C to the measurement temperature of +30°C, if simulations are faithfully to reflect the spin-label dynamics at the higher temperature.
Combined with the simulation results of the previous section, the trace of the g tensor, i.e., g 0 , affords a means to make this correction. Figure 5 compares the polarity profile for g 0 ) 1 / 3 (g xx + g yy + g zz ) obtained from measurement at -100°C with that from g 0 ) 1 / 3 (〈g xx 〉 + 〈g yy 〉 + 〈g zz 〉), which is obtained from simulations of the spectra obtained at +30°C that are described in the next section. Clearly, the polarity registered by g 0 is rather different for any given n-PCSL spin label in a membrane sample at the measurement temperature of +30°C from that in the frozen state at -100°C, where the rigid-limit spin Hamiltonian tensors are determined. The g-tensor elements and A zz value appropriate to 30°C can be obtained by using those determined at -100°C for the (different) positional isomer of n-PCSL that has the same value of g 0 as that determined for the positional isomer under question. This correspondence is readily deduced from Figure 5 . The resulting polarity-corrected spin-Hamiltonian tensor elements for 30°C are listed in Table 1 .
C. Simulation of High-Field Spectra from Lipid Labels in Membranes.
Here we consider 94-GHz spectroscopy of phosphatidylcholines (n-PCSL) spin-labeled at different positions, n, of the sn-2 chain, in ordered-fluid lipid-bilayer membranes. Experimental data on n-PCSLs in membranes of dimyristoyl phosphatidylcholine that contain cholesterol have been presented elsewhere. 7, 8 The high-field spectra can be simulated reasonably adequately by using motional narrowing theory with the single-component model of Israelachvili et al. 9 for restricted azimuthal φ rotation about the nitroxide z axis (cf. ref 5) . Representative experimental and simulated 94-GHz spectra are given in Figure 6 . Just as in the case for simulations with the strong-jump model, 5 simulations for Brownian rotational diffusion with unrestricted φ rotation describe the experimental line shapes less well than do the spectra simulated with motional narrowing theory that are given in Figure 6 (data not shown). This result is in agreement with the findings of Lou et al. 6 that high-field spectra are sensitive only to rapid motions of the lipid chains. The latter result was obtained at 250 GHz and for a position of chain labeling close to the terminal methyl group. Spectra recorded at 94 GHz may still display some residual sensitivity to slow overall motion of the lipid chains. This point is addressed in the next paragraph by using the results from slow-motional Brownian simulations that were described in the previous section.
The z components of both the 〈A〉 and 〈g〉 tensors are quite generally insensitive to axial rotation on any time scale, unless the z-axis ordering is very low. As demonstrated by simulations for Brownian diffusion already given (see Figure 3) , the value of 〈A zz 〉 (but not necessarily of 〈g zz 〉) at 94 GHz is also relatively insensitive to slow off-axial diffusion. Thus, apart from polarity, 〈A zz 〉 is primarily sensitive only to the rapid, i.e., segmental, off-axial rotations, which can be treated by motional narrowing theory. A useful parameter for analyzing the rapid motions is the ratio This is related to the order parameter 〈P 2 (cos θ A loc )〉 that characterizes the local off-axis motions by which can be derived from eq 8, together with the invariance of the trace of the A tensor. Table 2 compares the ratios, F A , obtained from the experimental values of 〈A zz 〉, with the corresponding ones (F g ) derived from the values of 〈g zz 〉. One sees that F g ≈ F A for n ) 4-8, but for larger values of n, the value of F g tends to be less than that of F A . This indicates that there are contributions to F g from slow motional components, for spin-label positions n g 9. Also given in Table 2 are values of the order parameter, 〈P 2 (cos θ A loc )〉, for the rapid off-axis diffusion that is derived from F A by using eq 18. Table 3 gives the values of 〈δg〉 characterizing x-y averaging that are obtained from the rapid-motional simulations. Along with the values of loc that are obtained from 〈P 2 (cos θ A loc )〉 by Figure 5 . Dependence on spin-label position, n, in the sn-2 chain of n-PCSL in membranes of dimyristoyl phosphatidylcholine plus 40 mol % cholesterol of the g-tensor trace, go, calculated from the rigid-limit g-tensor elements at -100°C (triangles) and from the motionally averaged 〈g〉 tensor at +30°C (squares). The dashed line is a nonlinear fit of eq 19 to the -100°C data. a Obtained from powder spectra at -100°C by selecting spin label positional isomers that have the same value of g0 as that for the n-PCSL in question at 30°C (see Figure 5) . b Axx, Ayy ≈ 0.5 mT for all spin label positions. spectral simulations using motional narrowing theory, as described in the text, with rigid-limit spin Hamiltonian tensors corrected to 30°C.
using eq 9, one can derive values for the "order parameter" 〈cos 2(φ -φ h)〉 that is associated with the azimuthal rotation about the z axis. This is done by using eqs 7 and 10. The effective maximum amplitude, φ 0 loc , of the φ rotation is then obtained from eq 11 for the random fluctuation model. These are possibly upper estimates because no correction is made to the g values for slow axial diffusion.
D. Simulation of Low-Field Spectra by Incorporating High-Field Results. Measurements at 94 GHz therefore allow not only characterization of the rapid off-axis motion (from F A ) but also to detect the onset of slow off-axis diffusional components (from comparison with F g ). The latter is possible without resort to measurement at a second, lower frequency. Use additionally of spectra obtained at 9 GHz, however, improves precision in characterizing the slow off-axial component. From the values of 〈P 2 (cos θ A loc )〉 that were obtained from F A , one can estimate the value of the g-tensor anisotropy 〈∆g〉 loc that is averaged over the rapid off-axial motion. This is done by using eq 6. Next, the value of 〈∆g〉 loc obtained in this way, together with the experimental value of 〈A zz 〉 loc from the 94 GHz spectra, are used as input parameters for simulating the EPR spectra obtained at 9 GHz, which are dominated by the z features. This is done by using the stochastic Liouville equation in which the tensors averaged by rapid motion, instead of the rigid limit values, are incorporated. These simulations then yield values of D R⊥ over and S zz over for the slow-motional component. It is significant to note that, at high field, the values of 〈A zz 〉 for the n-PCSL at 30°C are appreciably higher than those at 9 GHz. The difference is about 0.15 mT for n ) 4-7 and gradually increases for higher n. For rapid rotation, the motionally averaged values should be equal at both EPR frequencies. Thus the difference in 〈A zz 〉 is diagnostic for the presence of a slower diffusional motional mode that is off-axial in nature. Figure 7 gives experimental spectra recorded at an EPR frequency of 9 GHz (solid lines). Simulations with the motionally averaged spin-Hamiltonian tensors obtained from the rapidmotional simulations of the 94-GHz spectra that are shown in Figure 6 are given by the dashed lines in Figure 7 . The 9-GHz spectra are simulated adequately by this procedure, which (as already noted) they would not be by using simply the same simulation procedure and parameters as in the 94-GHz case. Order parameters (S zz over ) and diffusion coefficients (D R| over and D R⊥ over ) for the overall motion that are obtained by fitting the 9-GHz spectra are given in Table 4 . The low values of the diffusion coefficients confirm that the overall motion of the lipid chain is in the slow regime at 9 GHz and would have relatively minor influence on the spectra at 94 GHz. Attempts have been 〉, and g-Value, 〈g zz 〉 Anisotropy  Ratios, G A and G g , Respectively (See eq 17), for  1-Acyl-2-[n-(4,4′-dimethyl-oxazolidine-N-oxy) δg is the polarity-corrected rigid-limit value (see Table 1 ) and 〈δg〉 is the motionally averaged value at 30°C. Uncertainties in simulated parameters are approximately, ( 0.5°, (0.1 × 10 -4 , ((0.01-0.02), and ((1°-2°) for loc, δg, and 〈δg〉, 〈cos 2(φ -φ h)〉, and φ0 loc , respectively. b Order parameter 〈cos 2(φ -φ h)〉 obtained from eqs 7 and 10 by using values of loc obtained from 〈P2(cos θA loc )〉 in Table 2 . c φ0 loc is the effective axial rotational amplitude from eq 11. ) and anisotropic rotational diffusion coefficients (DR| over and DR⊥ over ) are determined by simulation of 9-GHz spectra using motionally averaged g and A tensors from 94-GHz spectra, as described in the text.
made to optimize the motional parameters by fitting the 9-and 94-GHz spectra iteratively using the simulation program of Schneider and Freed 13 (see ref 19) . These are hampered as regards the 94-GHz spectra, however, by the limitation of unrestricted φ rotation in the latter simulation model, which results in inadequate fits in the x-y region of the spectra. Nevertheless, consensus fits can be obtained in the z region of the spectrum.
IV. Discussion
A. Model Simulations. The model simulations presented in Figure 2 establish two important principles for the interpretation of 94-GHz EPR spectra of spin-labeled lipids in membranes.
Although these simulated spectra demonstrate some residual sensitivity to slow motion, both the 14 N hyperfine splitting, A zz , and the trace of the g tensor, g 0 , are insensitive to slow rotational motions. This means that the A zz hyperfine splitting at 94 GHz is sensitive only to the fast components of composite motional modes.
A qualitative explanation of the latter result is as follows. At 94 GHz, all three (m I ) 0, (1) hyperfine components for the z-orientation shift in the same direction towards the y-and x-canonical positions. Therefore, the motional effect on the difference in line-shift of these components is, to a considerable extent, canceled out. These differences are further compensated because of the pseudosecular interaction (S z I ( ), which is equivalent to exchange between the hyperfine components. This unique situation at high field is in contrast to that familiar at the conventional EPR operating frequency of 9 GHz. In the latter case, the two outer hyperfine manifolds (m I ) (1) at the z-position shift in opposite directions, approaching one another, as they move towards the y-and x-canonical components that are located in the central part of the spectrum. Consequently, the value of 〈A zz 〉 for 9 GHz spectra is extremely sensitive to off-axis rotation (as is well-known), whereas that at 94 GHz and higher EPR frequencies is relatively insensitive to slow offaxial diffusion. Note that, in both regimes of operating frequency, the z region of the spin-label EPR spectra remains relatively insensitive to axial rotation (see Figure 2 , left-hand panel, for 94 GHz).
The invariance of the trace of the g tensor at 94 GHz means that this still may be used as an indicator of environmental polarity, even in the presence of slow motions. As already explained in the Results section, this simulation result affords a means for correcting the rigid limit spin Hamiltonian tensors obtained in the frozen state at low temperature to the environmental polarity of the spin label in the fluid state at higher temperatures of measurement.
The validity of these principles for analysis of 94-GHz spinlabel spectra extends practically over the regime for which the canonical turning points can be resolved in the experimental spectra. In particular, for the high-field 〈A zz 〉-hyperfine splitting, the center panel of Figure 2 demonstrates validity down to order parameters S zz ) 0.49, which is much lower than those determined here for cholesterol-containing membranes (see Table 2 ). In membranes without cholesterol, hyperfine splittings are resolved only for order parameters comparable to, or greater than, that used in Figure 2 (see ref 5) . B. Polarity Profile. As is well-known from the solvent dependence of the g tensor 20 and anticipated theoretically, 21 the g xx element is most sensitive to the transmembrane polarity profile (see Figure 4) . The trough-like profile of g xx across the membrane can be fitted by a Boltzmann sigmoidal form (with reflection symmetry about the membrane midplane) that was introduced previously to describe transmembrane polarity profiles registered by the isotropic 14 N hyperfine coupling, a 0   22 where g i,1 and g i,2 are the limiting values of g i at the polar headgroup and terminal methyl ends of the chain, respectively, n 0 is the value of n at the point of maximum slope, corresponding to g i (n 0 ) ) (1/2) (g i,1 + g i,2 ), and λ is an exponential decay constant. Equation 19 thus represents a two-phase distribution between membrane regions with n > n 0 and n < n 0 , where the free energy of transfer for water depends on the distance from the n ) n 0 dividing plane. A nonlinear, least-squares fit of eq 19 to the g xx profile (where i ≡ xx) is given by the dashed line in the upper panel of Figure 4 . This yields values of n 0 ) 7.96 ( 0.06 and λ ) 0.29 ( 0.11 (R 2 ) 0.993, N ) 11). As might be anticipated, similar values are obtained by fitting eq 19 to the g 0 profile at -100°C that is given in Figure 5 (where i ≡ o): n 0 ) 7.9 ( 0.1 and λ ) 0.3 ( 0.1 (R 2 ) 0.991, N ) 11). The midpoint of the transition between regions of high and low polarity is comparable to that found from the a 0 profile in fluid membranes, but the width of the transition region is considerably narrower (cf. ref 22) . This difference in width is probably a particular feature of frozen membranes.
C. High-Field Spectra: Fast Motion. The equality of the anisotropy ratios, F A and F g , for n ) 4-7 in Table 2 shows that there is virtually no contribution to the shift of 〈g zz 〉 from slow overall off-axial tumbling, i.e., that 〈P 2 (cos θ A over )〉 ≈ 1 (or the overall motion is so slow as not to affect 〈g zz 〉), for labels in the upper part of the chain. This is attributable to the pronounced effect of cholesterol on chain ordering. In contrast, the slow overall off-axis diffusion becomes appreciable for chain segment positions n g 8. This represents a diminishing ordering effect of the rigid sterol nucleus, which itself extends approximately down to n ≈ 11 of the lipid chains. 7 Note that the ordering by the environment (i.e., the orientational pseudopotential) varies towards the chain end. This represents an increase in detail in describing the chain motion that is possible from high-field measurements, as compared with the model of a uniform chain-axis ordering used in the most sophisticated descriptions of n-PCSL spectra obtained at conventional EPR frequencies (cf. refs 15 and 16) .
The values of 〈P 2 (cos θ A loc )〉 given in Table 2 represent the order parameter for the rapid off-axis diffusion. This ordering profile approximately mirrors that of the appearance of appreciable slow off-axis diffusion that was deduced by comparing F g with F A . In the upper parts of the chain, the segmental ordering is high, corresponding to effective maximum amplitudes of loc ∼ 14-15°(see Table 3 ). Ordering towards the end of the chain decreases progressively with increasing n, reaching effective amplitudes of loc ∼ 30°.
The results presented in Table 3 show that the rapid segmental φ fluctuations around the chain axis are of limited amplitude. In the upper part of the chain, up to C-8, the maximum angular excursions, φ 0 loc and loc , of φ and θ A are very limited, 20°or less. Beyond this, the φ amplitude increases steeply. At the terminal methyl region (C-14), full axial rotation of the chain segments is approximately achieved, i.e., φ 0 loc ≈ 90°. The θ A amplitude increases simultaneously in this region of the chain and reaches maximum amplitudes of loc ≈ 40°towards the terminal methyl end (C-14) of the chain.
The profiles of lateral and transverse segmental chain ordering induced by cholesterol can be interpreted in terms of the shape,
1 + e (n-n 0 )/λ + g i,2 (19) rigidity and flexibility of the various parts of the sterol molecule. This, and the possible implications of lateral chain ordering in membrane domain formation, are discussed by Kurad et al. 7 (see also refs 3 and 10). D. Low-Field Spectra: Slow Motion. As reported under Results, the values of 〈A zz 〉 measured at 9 GHz are less than those obtained at 94 GHz. This indicates that the 9-GHz spectra are sensitive to slow off-axial modes of rotational diffusion to which the 94 GHz spectra are relatively insensitive. Spectral simulation of the composite motion at 9 GHz confirms this.
From Table 4 , it is seen that the order parameter, S zz over , corresponding to the slow overall motional mode gradually decreases with increasing n down the chain. This result was already anticipated from comparison of the A zz -and g zzanisotropy ratios, F A and F g , of the 94-GHz spectra. Data in Table 4 are restricted to the range n ) 4-12. This is because the A zz -turning points in the 94-GHz spectra, which are required for the multifrequency analysis described above, are no longer resolved beyond this range, for n ) 13 and 14 (see Figure 6 ). In the latter cases, a different fitting procedure, similar to that employed by Lou et al., 6 reveals a sharper drop in S zz over on going to C-13 and C-14 than that found at positions higher in the chain. Table 4 also shows that as the amplitude of the slow overall motion increases (i.e., S zz over decreases), so also does the corresponding rotational rate given by D R⊥ over (and also D R| over ). As already mentioned, the overall motion of the chain axis cannot be represented simply as that of a rigid rod. This is not entirely surprising for a flexible chain and represents a varying effect of the chain environment on proceeding deeper into the membrane that can be probed only by the multifrequency approach.
V. Conclusions
Even at the lower end of the high-frequency range, 94-GHz spectra of lipid spin labels are sensitive primarily to the rapid segmental motions of the lipid chains. This is especially the case for the off-axial component of the rotational diffusion that is reflected by the 〈A zz 〉 hyperfine splitting. In addition, the invariance of the g-tensor trace is largely preserved in the 94-GHz spectra, despite residual slow-motional sensitivity. This simulation result is important both for investigating transmembrane polarity profiles and for making polarity corrections to the rigid-limit spin-Hamiltonian tensors. Not only do the 94-GHz spectra allow investigation of rapid axial φ rotation but also combination with simulation of lower-frequency spectra allows a far more detailed and precise description of the slow off-axial components of the overall chain motion.
